A triphenylcorrole(CuIII) complex is covalently bound to amino acid esters at the nitrogen atom. As a result radical anions are generated, inducing the occurrence of side-chain reactions under CID conditions. Almost all of the amino acid esters that were studied show abundant ions that correspond to fragmentation at the alpha carbon either with or without the loss of the alkoxy ester moiety. Distinctive CID spectra were also recorded for leucine and isoleucine complexes. Initial results with short peptides are also shown. (J Am Soc Mass Spectrom 2007, 18, 791-801) © 2007 American Society for Mass Spectrometry M ass spectrometry is widely used for the identification and sequencing of peptides that are produced by enzymatic proteolysis of proteins [1] [2] [3] [4] [5] [6] . Currently, there are two approaches for the mass spectrometry analysis of proteins, bottom-up and top-down [7] . "Bottom up" strategies to proteome analysis involve cleaving the protein into peptide fragments that are analyzed by electrospray ionization (ESI) or matrix-assisted laser desorption/ionization (MALDI) and collision induced dissociation (CID). In the "topdown" approach, intact protein ions are introduced into the gas phase by ESI and are subsequently fragmented in the mass spectrometer, yielding the molecular masses of both the protein and the fragment ions. If a sufficient number of informative fragment ions are observed, it can provide a complete description of the primary structure of the protein. In any case this CID spectrum can be used as "finger print" for comparison to a database.
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Sequencing of peptides is achieved by CID of the charged peptides or electron capture dissociation (ECD) [8] of multiply charged species. For good identification it is desirable to obtain a simple, yet informative MS/MS spectrum of the charged peptide. Primary structure determination necessitates the cleavage of bonds between all amino acid residues. However, since the fragmentation of protonated peptides results in six types of possible fragments, the obtained spectra are sometimes too complicated for sequencing [9] . Charge derivatization of the peptide by a localized charge on either the N-or C-terminus limits the fragmentation process to charge remote mechanisms, improves the sensitivity, allows the distinction between N-and Cterminal fragment ions, and simplifies the resulting MS spectrum [10] . Another limitation of the CID method, for closed-shell ions, involves the distinction between structural isomers (e.g., leucine and isoleucine) or similar molecular weight amino acid residues (e.g., glutamine and lysine). Hence, fragmentation of the side chains is required in addition to primary backbone cleavages [11, 12] . Electron capture is a practical technique for generation of peptide radicals. Fragmentation patterns arising from collisional activation of peptide radicals generated through ECD were investigated by several research groups [13] [14] [15] . ECD typically cleaves more backbone sites than collisional activation of closed shell ions, resulting in more complete coverage of a peptide sequence [8, 16] . Product ions are typically c and z fragments, rather than the b and y fragments most commonly seen in the CID of even-electron protonated peptides. Electron capture of peptides and proteins also results in cleavages within amino acid side chains. Cooper et al. showed that side-chain cleavages, resulting in small losses from reduced peptide species, were observed for arginine, histidine, asparagine/glutamine, methionine, and lysine residues [17] . Using hot electron capture dissociation (HECD), multiply protonated polypeptide fragments allow one to distinguish between the isomeric Ile and Leu residues [18, 19] . Nevertheless, ECD is limited to specific instruments.
Another approach that leads to the initiation of homolytic reactions employs the collisional activation of peptide radicals that are generated by the dissociation of transition-metal-peptide complexes [20 -23] . One of the first examples was presented by Siu and coworkers who showed that the ternary complex [CuII(dien)(YGGFLR)] 2ϩ produces a cationic peptide radical [22] . Gas-phase complexes in which the ligand and the peptide are coordinated to Cu(II) show some dissociation reactions triggered by elimination of CO 2 , which is followed by radical-like fragmentations of the amino acid side chain [24 -29] . Other studies of metal-peptide interactions show CO 2 and/or side-chain loss with different metals like cobalt, nickel, manganese, and others [30] . Various transition metals were shown to induce informative fragmentation of their ligands, giving rise to products, some of which are radicals [31] . Recently, O'Hair and coworkers demonstrated the formation of cationic peptide radicals with trivalent chromium, manganese, iron, and cobalt salen complexes [32] . While the previous examples demonstrate the use complex has also been reported [33, 34] . This elegant approach proved successful in generating radicals [a Ru(I) complex is generated upon ionization], the radical cation is formed during the ionization either by MALDI or by ESI. However, the isotopic pattern of Ru complicated the resulting spectra. More recently, Beauchamp and coworkers showed the backbone cleavages for an angiotensin II-Vazo 68 conjugate, with the involvement of radical processes [35] . Nevertheless, in all of the reported examples the relative abundances of fragments produced by side-chain cleavages were rather low and required spectrum enhancement. Due to their special redox properties, metallocorroles are excellent candidates as open-shell ligands for peptides. Corroles are ring-contracted porphyrin analogues that lack one meso carbon compared with porphyrins and are the fully aromatic versions of corrins. The chemistry of corroles is of great interest since the trinegative corrole ligand significantly sta- bilizes high-valent transition-metal centers. Corroles were also proposed as MALDI matrices because of their low ionization potential along with their high UV absorption [36] . Lately, the fragmentation of meso-pentafluorophenyl-corrole has been reported [37] .
To develop a metallocorrole-based derivatization method, for the induction of radical processes, it is initially necessary to study the dissociation reactions in amino acids. However, to bind amino acids to corroles, a reactive spacer has to be introduced as, evidently, corrole carboxaldehyde does not react with free amino acids. Thus, the purpose of the present work is to exploit metallocorroles as charge derivatives for the initiation of homolytic cleavages in amino acid esters. One of the characteristics of corroles and metallocorroles is their high tendency to generate anions by electron capture in the MALDI and ESI sources. It is therefore possible to study the CID of these negatively charged ions that are highly abundant. Hence, in this work we prepared and studied the negatively charged anions of amino acid esters that are covalently bound to copper corrole. . The trapped ions were resonantly excited using a swept frequency RF "chirp". Ions were detected using the broadband detection mode covering a mass range from 100 to 3000 u. Typically, 16 individual transients were accumulated to improve the signal-to-noise ratio. Precursor ions were isolated using swept frequency ejection pulses of ca. 250 s duration to eject all other ions. A pulsed valve introduced the argon collision gas before ion activation. With the pulsed valve open for 10 ms a peak pressure of ϳexp-7 mbar was obtained. The precursor ions were excited using a variable amplitude off-resonance excitation pulse. CID measurements for leucine, isoleucine, and peptides complexes were recorded using an LCQ DUO ion trap instrument (ThermoFinnigan, San Jose, CA) with ESI and APCI interfaces. The samples were dissolved in acetonitrile (1.0 mg in 100 mL) and introduced into the ESI source at a flow rate of 0.5 mL h Ϫ1 . Isolation of precursor ions for MS/MS was accomplished with a window of 3 u. Helium was used as collision gas at 17 to 19% energy, so that parent ions could still be detected.
Results and Discussion
As a first step, a series of metallocorroles were prepared and analyzed by mass spectrometry, to learn about their oxidation states and relative stability. Triphenylcorrole 1 was prepared according to known procedures [38] , and the corresponding metallocorroles are also known [39] . The resulting complexes were mass measured with the aid of a MALDI-TOF instrument without matrix (see Supplementary Material section, which can be found in the electronic version of this article). It is found that these compounds are better analyzed in the nega- tive mode, however, Figure 1 depicts mass spectra that were measured for the copper complex with MALDI and ESI, both in positive and negative mode. The measured masses indicate the formation of radical ions, as expected (the metallocorrole moiety is designated in brackets around the metal, ϽMϾ). Complexes with Fe, Mn, Co, Ni, Cr, Pd, Ag and Cu were prepared and mass measured showing that cation and anion radicals are generated in all of the metallocorrole complexes upon MALDI or ESI ionization (with lower sensitivity).
Since a charge derivatization reagent must be stable upon collisional activation, CID experiments were conducted for all of the above listed metallocorroles (see Supplementary material). Some of the complexes show extensive loss of benzene (i.e., ϽFeϾ, ϽCoϾ, ϽPdϾ) and others lose the metal (i.e., Ag). Evidently, the most stable ions are the negatively charged copper and nickel complexes. Due to synthetic limitations, only the copper complex ϽCuϾ was used further on. Obviously ϽCuϾ is a d 8 complex that upon electron capture becomes an openshell d 9 species. This is required to initiate homolytic processes. Copper was inserted to the formylated corrole, forming the complex Ͻ CuϾ CHO [39] that reacts at the N-terminus of the analyzed amino acid esters (AA) or peptides by a simple chemical process (Scheme 1).
Derivatization was applied on a variety of amino acid esters, affording complexes that are easily ionized into stable radical anions (Scheme 1) upon electrospray or MALDI ionization. The derivatized amino acids were collisionally induced to dissociate with argon or helium (depending on the instrument) affording a series of fragments, some of which indicate cleavages at the alpha carbon with the involvement of the alkyl side chain, as desired. As the compounds under study are amino acid esters, an abundant ion in each CID spectrum of the various anion radicals of ϽCuϾAAOR corresponds to the elimination of methanol or ethanol from the alkyl carboxylate moiety (in some cases elimination of ethylene is observed). The various ϽCuϾAAOR anion radicals can be divided into two groups, those which lose a radical moiety, affording a closed-shell product ion (Scheme 2, Table 1 , and Table 2 ) and others that eliminate a closed-shell neutral, affording radical product ions (Scheme 3, Scheme 4, Table 3 ). The first group includes complexes for which AA is alanine, histidine, leucine, and isoleucine, phenylalanine, methionine, tyrosine, and valine. An example is presented in Figure 2 that illustrates the CID spectra that were measured for the anion radicals of ϽCuϾValOMe, ϽCuϾTyrOMe and ϽCuϾThrOMe.
Typically, an initial loss of ROH from the ester group is followed by homolytic cleavage at the alpha carbon, as depicted in Scheme 2 (see also Table 1 and  Table 2 ). In some cases, homolytic cleavage at the alpha carbon occurs in the initial ϽCuϾAAOR anion radical (i.e., AA ϭ Trp, Ile, Phe, Tyr).
The results shown above indicate that homolytic cleavages occur in the metallocorroles under study, producing closed-shell products or anion radicals that are formed by two sequential radical losses. Nevertheless, the final product ions and neutrals are the ones that are more stable and in some cases these are products of two radical losses, giving rise to an anion radical product. Thus, ϽCuϾGlu(OEt) 2 , ϽCuϾHisOMe and ϽCuϾMetOMe undergo elimination of alcohol from the ester followed by cleavage at the alpha carbon that result in the loss of neutral molecules, not radicals (Scheme 3 , Table 2 ).
Other ions indicate the loss of closed-shell neutrals directly from the parent ion. This occurs in the CID spectrum of ϽCuϾMetOMe and to a larger extent in the CID spectra of ϽCuϾSerOMe and ϽCuϾThrOMe. These processes are depicted in Scheme 4 and Table 3 , while the CID spectrum that was measured for the anion radical of ϽCuϾSerOMe appears in Figure 2 .
Among the amino acid esters that were studied here, only derivatized lysine does not afford informative side-chain fragmentations. Instead, it eliminates methylformate, as illustrated in Scheme 5.
The derivatized amino acids were also protonated and investigated by positive electrospray, however, side-chain fragmentation of protonated derivatized peptides is negligible, while facile informative fragmentation is observed at the negative mode. Figure 3 shows the positive and negative ESI spectra of ϽCuϾAlaOEt and the CID spectra of the resulting [ϽCuϾAlaOEt] Ϫ· And [ϽCuϾAlaOEt ϩ H] ϩ parent ions. It illustrates that in the positive mode a closed shell ion is formed while radicals are generated only upon negative mode ionization. It should also be added that the derivatized corrole (without metal) also affords closed shell ions, exclusively. Moreover, CID of negatively charged [M-H] Ϫ ions of amino acids and peptides do not cleave off side-chain groups [40, 41] .
Leucine and Isoleucine
One of the advantages of radical initiated cleavages is the possible distinction between the isomeric leucine and isoleucine amino acids. Attempts to develop method of mass spectral determination of Leu and Ile that appear in literature involve both closed-shell [42, 43] and radical [26, [44] [45] [46] processes. However, the most valuable technique is shown by ECD and CID [17, 18] , with the distinctive losses of C 3 H 7 and C 2 H 5 for Leu and Ile, respectively. This is nonetheless a minor peak of low abundance. Here it was also desired to find a distinctive differentiation between the two isomeric amino acids. Indeed, CID spectra of ϽCuϾLeu and 
Peptides
A preliminary attempt to connect C-protected short peptides to ϽCuϾCHO shows that homolytic cleavages can be initiated, at least in the case of the di-and tetra-peptides shown below. Thus, Scheme 5 (see also Supplemental materials) summarizes the observed cleavages in the CID spectra of corresponding Clearly, favored cleavage occurs by the ϽCuϾ moiety, while fragmentation remote to this group is less abundant. It is expected that the induction of homolytic cleavages along the peptides, remote to the metallocorrole, will be enhanced in the presence of a saturated spacer between the corrole moiety and the peptide [47] . This requires additional synthetic method development; however, it is already shown that ␣-cleavages occur also in the case of these di-and tetra-peptides.
Conclusions
It has been shown that the special redox properties of corroles can be exploited for the generation of radicals in amino acid esters and small peptides. This results in informative fragmentations in the sidechain moieties at the alpha carbon, as desired. The different processes result in the formation of anion and radical anion products. Electron capture dissociation induces the cleavages of N-C ␣ bonds after carbonyl hydrogen abstraction. Here, the active species may be an anion radical at the carbonyl that cleaves off the R-C ␣ alkyl chain. Alternatively, the electron may be localized at the corrole backbone. Further study is needed to present a detailed mechanistic description. Presently, more peptide radicals are generated with the same method.
